The increasing amount of telematic and other electronic systems in the modem motor vehicle demands high performance and reliability in ever decreasing space. The automotive connector is well known to be the weak llnk in electronic systems due to the multi-environmental conditions seen in the motor vehicle. These conditions of large temperature changes, high humidity, and corrosive atmospheres have significant and varied affect upon the connector.
I. INTRODUCTION
The number of connectors used in the motor vehicle is determined by the level of electrical and electronic equipment and wiring architecture installed. This is on the increase with telematic systems and other computer control facilities being fitted. A luxury car can have in excess of 400 connectors with 3000 individual terminals [ 11.
Reliability issues of electrical systems still focus on the connector as being the weak link in the chain. Statistics from field data vary from 30% to over 60% for electrical failure attributed to connector problems [2,3]. These problems have been high contact resistance values or intermittent contact resistance faults [4, 5] . Degradation mechanisms leading to high contact resistance values have been extensively investigated over many years to develop accelerated simulated tests to aid connector design and verification [6-111. However, there is concern that there is a more complex relationship between stresses in components, resulting in particular degradation mechanisms, than has been previously assumed. In the past, generalised environmental stress levels have been assumed but now more detailed data on what the connector actually sees in the operating environment are being sought to gain a better understanding of failure mechanisms.
An extensive study of actual environmental operating conditions of connectors on road tested vehicles is underway by the authors. The objective of the study is to observe exactly what environmental stresses connectors see during actual operation. Temperature, humidity and vibration data is currently being acquired from vehicles under test in the United Kingdom, Canada and the United States. The connectors are further studied to identify degradation mechanisms associated with these environmental stresses.
The study is currently in progress. To date, temperature data has been acquired from road tested connectors operating in the relatively benign climate of the United Kingdom. This paper focuses upon several features exhibited in the temperature profile of a selection of connectors. Presented is an empirical temperature model developed to generalise the features observed. Following this, analyses of sample connectors are presented showing the degradation mechanisms associated with these temperature features.
ENVIRONMENTAL STRESSES
The motor vehicle sees a number of operational stresses from the external environmental and generated by the vehicle itself. Sevkral stresses can be identified as:
TemDerature The automotive connector is usually classified in one of several high temperature operating regimes, eg: 85"C, 105"C, 125OC and 155OC [12] .
Corrosive Gas Attack The most common corrosive gas is oxygen leading to the formation of undesired oxides. Other gases include SOz, NOz C12 and HzS.
Humiditv Corrosion is exacerbated by humidity where water can condense to form galvanic cells. Also, mechanical wear of a contact surface has been reported to be influenced by humidity levels Vibration Vibration is a further stress which is readily seen in the motor vehicle. Sources of vibration include the engine, gearbox, power train and vibrations transmitting through the suspension due to movement along the road. ~3 1 .
A. TemDerature Data Collected
Several connectors have been monitored during road testing o f vehicles in this study. These connectors have been selected by considering the following criteria:-1. Temperature specification of the 2. Hermetically sealed or not, 3. Body or engine mounted.
connector,
The temperature profiles of three types of connector are considered in this paper. These connectors are taken from a number of positions in the engine bay of a vehicle where a variety of temperature levels can be identified. The types of connector include: Tvpe I A low temperature (85OC) sealed connector mounted on the body. TvDe I1 A medium temperature (105OC) sealed connector mounted on the body and Tvge I11 A high temperature (125OC) sealed connector mounded on the engine.
The temperature behaviour has been monitored under actual road conditions as seen in the United Kingdom. A considerable amount of data has been acquired typified by the profile shown in Figure   1 . It was found that the temperature of the connectors were a function of several parameters such as vehicle velocity, the speed of the engine, whether the cooling fan had been activated, connector type and its position under the bonnet. The empirical temperature model was developed to generalise features in this data by using a minimal number of these parameters. The features of interest are:
1. Rapid increase in temperature on vehicle start-up (thermal shock), 2. Highest temperature achieved, 3. The fast changes in temperature when the vehicle is travelling, and 4. Slow cooling when vehicle is at rest. 
B. The EmDirical Temoerature Model
The objective of the model is to give a temperature profile of an automotive connector at particular scenarios for limited number of input parameters. The mathematical expressions used in the model are based around the exponential first-order rate law [ 141 of the form as in Equation 1.
T ( t ) = T, + (To -T,) exp(-Kt)
where T(t) is the connector temperature at time t into a scenario and TO is the temperature at the start of that .scenario. T, is the temperature at time infinity, t=m, which has been approximated to the final connector temperature of the scenario. K is the rate constant. The rate of change in temperature is dependent upon the temperature difference between the current connector temperature and the final connector temperature as in Equation 2. dT(t) 
1) Stationarv Vehicle with Connector
Heating-Up bv AT, The experimental data showed that the sample connectors heated-up from the ambient to a maximum temperature when the engine was turned on. The maximum temperature value was dependent upon the connector type and where it was positioned in the vehicle. This change in temperature is denoted by AT,. Equation 3 is used to model this behaviour using the values shown in Table I . ATh and Tab values were taken from the experimental data. The profiles, Th(t), were found by fitting the best curve to the experimental data as to maximise the correlation coefficient, r. r was found by plotting the experimental data against the model data. Three sets of experimental data were used for each type of connector.
Table I Model Coefficients
Figure 2 shows heat-up profiles for the three types of connector. Experimental data and empirically modelled curves are shown. The three modelled curves are plotted from Equation 3. The experimental data is shown to drift slightly with connector type I11 and this is reflected in the correlation coefficient in Table I . 
2) Stationarv Vehicle with Connector Cooling-Down to Tamb
The experimental data showed that the sample connectors cooled-down from the maximum temperature to the ambient as soon as the engine was turned off and allowed to cool. The decrease in temperature was slower relative to the heat-up. This change in temperature is denoted by ATh. Figure 3 shows three sets of experimental data for each connector type. Also, three curves are plotted of the model using Equation 4 and the coefficients in Table 11 . These can be seen to have a high correlation to the experimental data. ATh and Tab values were taken from the experimental data. 
4) Travelling Vehicle with Connector
Cooling-Down by AT! The experimental data showed that the connectors cooled quicker when the vehicle was moving. This was probably due to air flowing around the components. When the vehicle is moving, the connector temperature drops from the maximum, (ATh +Tmb) to a new lower value given by AT1 above ambient. muation 5 was used to model the experimental data using values from Table 111 .
T,(t) = Tomb + AT, + (AT, -AT) exp (-K,t) degradation. This level of temperature change is thought to cause fretting at the contact interface [ 151. A 1 cm long component made of a copper alloy with a linear thermal expansivity a=16.7~10%-', would expand by Ax, as in Table IV with the temperature change of ATh. Table IV The empirical model for all scenarios uses Tmb, ATh and ATI parameters taken from experimental data acquired in the United Kingdom. Further work is underway to compare these parameters and the rate constants with data collected from Canada and the United State.
C. Stresses & Degradation Mechanisms
Maximum TemDerature Table VI summarises the maximum temperature attained by the sample connector types studied, Tmb+ATh in units of OC. High temperatures accelerate physical and chemical processes which lead to degradation of the connector. Diffusion of copper base material through the contact plating and surface oxidation are known to increased with temperature. Additionally, the change in temperature from ambient to the maximum level may cause differential thermal expansion, the mechanical expansion and contraction of components, which also lead to connector TemDerature ChanPes During travel, the connector temperature varies by AT (between ATh & AT1 above ambient) in a complex manner depending upon several parameters. The magnitude of the variation is shown in Table IV for the three types of connector. Considering a copper component of lcm in length, this would expand by between 3.5-5.5pm for the temperature variation observed in the three types of connector studied (Ax2 in Table IV ). This type of temperature change is thought to cause fretting action at the contact interface of the connector [ 151.
Rate Constants The experimental data showed that there were multiple rates of temperature change depending upon the operating scenario. Table V summaries the time taken for connector types to reach particular temperature levels calculated from the empirical model. The model shows that it takes -40 minutes to achieve at least 98% (~s o h ) of the high operating temperature when the vehicle is stationary. This applies to all three types of connector with a rate constant &=O. lmin-'. These have a half-life, ln (50) t9,% = -K '
The rate of cooling of the different types of connector when the vehicle is stationary varies (see K, in Table  I ) but takes in excess of eight hours to reach 98% of cooling to ambient temperature (See Table V) . When the vehicle is in motion it takes between 15 and 26 minutes to reach 98% of the low operating temperature.
The temperature profile of a connector is expected to influence its degradation mechanisms. High temperatures increase physical and chemical processes, and temperature changes result in differential thermal expansion of components, but what degradation mechanisms are actually seen under these real operating conditions?
DEGRADATION MECHANISMS
Degradation mechanisms can be divided into three main types of i) chemical, ii) mechanical and iii) physical, plus a further type of the synergistic effect caused by combining mechanisms [2]. High temperature stress and temperature change stress, have an influence on all these mechanisms. Temperatures influence both chemical and physical processes in an Arrhenius manner with increased rate of reaction related to increased temperature [14] . Additionally, temperature changes in a body cause mechanical stress due to differential thermal expansion and contraction of component parts.
Fretting corrosion is a degradation mechanism which arises from the combined effect of mechanical micromovement at an interface and corrosion of that surface [ 15,161. Differential thermal expansion and contraction is thought to be the major contributor to low frequency micromovements of contacting interfaces. Tin based contact systems have been particularly prone to this resulting in high resistance values across the connector.
Wiring harnesses and connectors are being removed from road tested vehicles to determine signs of degradation. The separable contact and crimp interfaces are studied. The objective is to gain a better .understanding of the influence of environmental stresses on connector degradation.
A. The Contact Interface
Unsealed Low TemDerature Connector The terminals of unsealed connector sockets and relay modules have been examined. These were tin plated and specified for the low temperature regime. Evidence for fretting corrosion at the contact interface was clearly seen on the samples and is exemplified in Figure 8 . Figure 8 shows the four terminals of the relay module. The dark spots are the areas of contact which are covered in small piece of debris [2] shown more clearly in scanning electron microscopy. Sealed connectors were also studied for signs of fretting corrosion. The -connectors studied had tin plated and gold plated terminals. Evidence of fretting corrosion was seen on the tin plated samples as illustrated in Figure 10 . Figure 10 is a scanning electron micrograph of the contact area which shows debris scattered around the periphery of the contact area. Figure 10b is a copper elemental map of this area showing that the top plate has undergone wear by reveal the copper base material. Gold plated terminal showed minimal evidence of wear and corrosion. It was difficult to find any wear scar on the surface. An example is shown in Figure 1 1.
Figure 11 Gold Plated Terminal

C. Resistance Measurements
The electrical resistance across connector terminals is also investigated. This measurement includes the crimp contact resistance, the resistance across the bulk material used in the terminals, and the resistance across the contact interface between the two terminals. Increases in resistance due to degradation usually occur across the contact interface between the two terminals and sometime across the crimp interface.
Resistance measurements were taken across twenty-four unsealed low temperature connector terminals from wiring harnesses of vehicles which had undergone road testing. Three dry circuit measurements were taken across-1) the contact interface and crimp interface together, and 2) the contact interface only. Figure 13 contains plots of how frequently a range of resistance values were measured across the twenty-four sample terminals. Three plots are shown:-1) a measurement across the whole connector terminal which includes the contact interface and crimp, 2) a measurement across the contact interface, and 3) by subtracting the previous two, a value is calculated which includes the resistance value across the crimp interface.
B. The CrimD Interface
1
A cross-section of a socket crimp from a unsealed low temperature connector is shown in Figure 12 . This is an example of one of the unsatisfactory crimp joint investigated on the harnesses. Voids between conducting strands of the wire and the crimp wall can be seen along with overfolding of the crimp arms. This indicates a poorly formed crimp during the manufacturing process. However, no evidence was found of crimp degradation caused by the automotive application. Figure 13 shows that the crimp interface gives a contact resistance value lower than the contact interface between the two terminals. This would be expected since that the crimp contacting force would be higher than the contact normal force supplied by a spring mechanism. The results presented in Figure 13 show low connector resistance even though both the crimp interfaces and the contact interface are far from satisfactory in appearance (as shown above). A feature of fretting corrosion is that the interface can self-heal by pushing resistive debris away from metal-to-metal contact areas thus maintaining a low resistance value. However, intermittent high values can occur. A scanning contact resistance probe is under development to map a contact surface in a 3-dimensional plot of contact resistance for particular normal force applied. The probe is being developed to quantify the level of fretting corrosion for a contact surface. Debris around a wear scar is expected to have high contact resistance. The larger the amounts of debris, the more susceptible the interface is to failure. A contact resistance number frequency plot will be used to characterise the surface in terms of the number of particular contact resistance values.
IV. CONCLUSIONS
Automotive connectors, which are currently undergoing road testing, are being monitored to evaluate stress levels during real operation. Environmental conditions such as, temperature, humidity and vibration levels of these connectors are being studied. Presented in this paper is connector temperature data from vehicles operated in the United Kingdom.
An empirical model of temperature behaviour for three types of connector is presented based on real environmental data obtained from road tested vehicles. The model simulates heating and cooling of the connector when the vehicle is stationary and moving. When the vehicle is travelling the behaviour is complex but is bounded by an upper and lower temperature limit.
High temperatures accelerate chemical and physical processes leading to degradation of the connector. Temperature changes cause differential thermal expansion and contraction which lead to fretting corrosion. Both sealed and unsealed tin plated connector terminals, which had undergone road testing, showed evidence of fretting corrosion. Debris and a wear scar were found at the contact interface on sample connectors. However, contact resistance values were within a satisfactory level when measured in the laboratory before the terminals were separated. A feahre of fretting corrosion is that the interface can self-heal by pushing resistive debris away from metal-to-metal contact areas. A contact resistance probe is under development to characterise contact surfaces to be able to quantify fretting corrosion. Also in the results presented, gold plated terminals showed minimal signs of fretting wear.
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